Procedural memories and habits are posited to be stored in the basal ganglia, whose intrinsic circuitries possess important inhibitory connections arising from striatal spiny neurons. However, no information about long-term plasticity at these synapses is available. Therefore, this work describes a novel postsynaptically dependent long-term potentiation (LTP) at synapses among spiny neurons (intrinsic striatal circuitry); a postsynaptically dependent long-term depression (LTD) at synapses between spiny and pallidal neurons (indirect pathway); and a presynaptically dependent LTP at strionigral synapses (direct pathway). Interestingly, long-term synaptic plasticity differs at these synapses. The functional consequences of these long-term plasticity variations during learning of procedural memories are discussed.
Long-term synaptic plasticity has been proposed as a mechanism for information storage and has been described at both excitatory and inhibitory synapses in several areas of the brain and under different stimulation paradigms (e.g., Bliss and Lomo 1973; Racine et al. 1983; Calabresi et al. 1992a,b; Dudek and Bear 1992; CastroAlamancos et al. 1995; Wang and Gean 1999; Martin et al. 2000; Malenka and Bear 2004; Mendoza et al. 2006; Sjostrom et al. 2008) . Because the basal ganglia are involved in procedural learning (Cools 1984; Graybiel 2008) , great efforts in describing synaptic plasticity in these structures have been performed. However, most studies have been focused on excitatory corticostriatal synapses, where both long-term potentiation and depression (LTP and LTD, respectively) have been observed (Calabresi et al. 1992a,b; Lovinger et al. 1993; Charpier and Deniau 1997; Shen et al. 2008) . On the other hand, scarce efforts have been dedicated to elucidate long-term synaptic plasticity at striatal inhibitory synapses (Adermark et al. 2009 ), which are a main component of the internal circuitry and the output of the neostriatum. Medium spiny neurons (MSNs) are the GABAergic projection neurons of the neostriatum, and their synaptic contacts include three main output pathways and targets. Here, we ask if some type of long-term synaptic plasticity can be induced at these synapses. The three main targets of MSNs studied here are: other MSNs innervated by intrinsic axon collaterals, substantia nigra reticulata (SNr) projection neurons innervated by the ''direct'' strionigral pathway, and globus pallidus (GP) neurons innervated by the ''indirect'' striopallidal pathway (Alexander et al. 1986; Albin et al. 1989) . We employed the widely used high frequency stimulation (HFS) paradigm to begin exploring long-term synaptic plasticity at these different synapses (e.g., Mendoza et al. 2006) , which possess presynaptic nerve endings originating from MSNs. Interestingly, using the same stimulation protocol, we disclosed three different classes of long-term synaptic plasticity, one for each of these synapses.
The experiments were performed on brain slices (300 mm thick) obtained from Wistar rats (PD14-40). Animals were anesthetized, intracardially perfused, and decapitated. Each brain was quickly removed and cut using a vibratome (Ted Pella) immersed in a 4°C solution with the following composition (in mM): 126 choline-Cl, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 10 glucose (pH = 7.4, saturated with 95% O 2 and 5% CO 2 , 298 mOsm/l). Slices were transferred to a saline solution containing (in mM): 123 NaCl, 2.5 KCl, 1.3 MgCl 2 , 2.4 CaCl 2 , 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 10 glucose (pH = 7.4, 25°C-27°C saturated with 95% O 2 and 5% CO 2 , 298 mOsm/l). The slices were left for equilibration in the oxygenated saline at room temperature for >1 h. After equilibration, single slices were transferred to a recording chamber and superfused continuously with oxygenated saline (4-5 mL/min). Wholecell recordings were performed using infrared differential interference contrast microscopy with an upright microscope and a digital camera. Inhibitory postsynaptic currents (IPSCs) were recorded with the help of an amplifier (Dagan Corp.). Series resistance ranged from 5 to 20 MV and was commonly compensated ;80%. In addition, input and access resistance were continuously monitored during the experiment by evoking transmembrane current with a voltage command (Figs. 1B, 2B, and 3B, see below) . Changes in synaptic currents after potentiation/depression occurred without changes in this current. Experiments were discontinued if changes of ;20% in this measurement were observed.
Data acquisition was performed with an AT-MIO-16E4 board (National Instruments) and software designed in the LabView environment (Lemus-Aguilar et al. 2006) . Patch micropipettes (2-6 MV) were pulled (Sutter Instrument) from borosilicate glass tubes (1.5 mm OD, WPI) and were filled with internal saline containing (in mM): 72 KH 2 PO 4 , 36 KCl, 1.1 EGTA, 10 HEPES, 2 CaCl 2 , 1 MgCl 2 , 2 ATP-Mg, 0.3 GTP-Na, 5 QX-314 (pH 7.3 and 272-275 mOsM/l). High chloride internal solution was used to obtain IPSCs as inward currents at a holding potential of À80 mV. IPSCs were evoked with field stimulation via sharp (pencil-shaped) concentric bipolar electrodes (12 mm at the tip; 10 kV; FHC) attached to an isolation unit (Digimiter). Stimulation electrodes were positioned either at the GP, the neostriatum (NSt), or internal capsule near the SNr in sagittal brain slices. Distances between the recording and stimulation electrodes were 0.5-1.0 mm in all configurations. All recordings were done in the presence of the a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate/kainate receptor (AMPA/KA) selective antagonist 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline disodium salt (CNQX; 10 mM) and the N-methyl-D-aspartate (NMDA) antagonist (2R)-amino-5-phosphonovaleric acid (AP5; 50 mM). Drugs were stored in stock solutions to be dissolved in their final concentrations into the superfusion saline.
To obtain baseline paired IPSCs, two shocks with a 50-msec interpulse interval were delivered at a rate of 0.1 Hz. Stimulation parameters were adjusted to obtain currents of 100-500 pA during the control. The paired pulse ratio (PPR) was expressed as the amplitude ratio IPSC2/IPSC1. To induce synaptic plasticity, a high frequency stimulation (HFS) paradigm was used: Two trains of 100 Hz (1 sec each, total of 200 stimuli) were delivered with an intertrain interval of 10 sec (Mendoza et al. 2006 ). Long-term plasticity was considered if a significant and sustained increase/ decrease in IPSC mean amplitude lasted >20 min. The freedistribution Wilcoxon's t-test was used to compare baseline IPSCs amplitudes and PPR at t = 0-5 min with IPSC amplitudes and PPR at t = 30-35 min in the same experiment; as seen in the time courses, 0.05 was used as significance level. Figure 1A illustrates the experimental configuration to obtain IPSCs from axon collaterals that innervate MSNs: Field stimulation was delivered at the GP to antidromically activate striofugal projections passing trough the GP (Guzmán et al. 2003; PerezRosello et al. 2005; Salgado et al. 2005; Tecuapetla et al. 2005) . IPSCs were evoked in the presence of CNQX and DL-2-amino-5-phosphonopentanoic acid (APV). Figure 1B shows IPSC traces from a representative neuron in control conditions and after the high frequency stimulation (HFS) paradigm (see above). Normalization and superimposition of these traces shows that persistent changes in IPSCs amplitude occur without consistent changes in the paired pulse ratio (PPR). Figure 1C shows the time course of a representative experiment, and Figure 1D shows normalized amplitude changes averaged from a sample of neurons exhibiting plasticity: After a brief period with post-tetanic potentiation, HFS enhanced IPSC amplitude (Fig. 1E ) for at least 20 min (LTP) in 34% of tested neurons (n = 6 are the positive cases; P < 0.04). The remaining cases did not show any change after HFS (data not shown).
Because PPR did not reveal a consistent or significant change, our preliminary working hypothesis is that this type of LTP is mediated, mainly, postsynaptically (Fig. 1F) . Note that this plasticity is not dependent on NMDA, although further experiments are needed to assess the participation of this transmitter agonist. Figure 2A illustrates the experimental configuration to obtain IPSCs from the striopallidal or indirect pathway that innervates neurons in the GP: Field stimulation was delivered at the neostriatum (NSt) to orthodromically activate striatal projections to the GP (Cooper and Stanford 2001; Shin et al. 2003; Engler et al. 2006; Sims et al. 2008) . IPSCs were evoked in the presence of CNQX and APV. Figure 2B shows IPSCs traces from a representative neuron in control conditions and after HFS. Normalization and superimposition of these traces shows that changes in IPSCs amplitude occur without consistent changes in the PPR. Figure  2C shows the time course of a representative experiment, and Figure 2D shows normalized amplitude changes in a sample of neurons: HFS decreased IPSC amplitude (Fig. 2E) for at least 20 min (LTD) in all tested neurons (n = 8; P < 0.03). Because PPR did not reveal a consistent or significant change, it is suggested that LTD is mediated, mainly, postsynaptically (Fig. 2F) . Again, further studies are needed to clarify possible NMDA participation and the nature of the NMDA-independent plasticity. Figure 3A illustrates the experimental configuration to obtain IPSCs from the strionigral or direct pathway that innervates neurons in the SNr: Field stimulation was delivered at the internal capsule in a sagittal slice including the NSt to orthodromically activate striatal projections to the SNr (Radnikow and Misgeld 1998; Beurrier et al. 2006; Misgeld et al. 2007 ). IPSCs were evoked in the presence of CNQX and APV. Figure 3B shows IPSCs traces from a representative neuron in control conditions and after HFS. Normalization and superimposition of these traces shows that changes in IPSCs amplitude occur with a consistent and significant change in the PPR: In fact, paired pulse facilitation (PPF) became paired pulse depression (PPD) after HFS. Figure 3C shows the time course of a representative experiment, and Figure 3D shows normalized amplitude changes in a sample of neurons: HFS increased the amplitude of the first IPSC by 250% as compared with baseline conditions ( Fig. 3E ; n = 8; P < 0.001). This increase was maintained for at least 20 min (LTP) in all tested neurons. Because PPR changed in a consistent and significant way (n = 8; P < 0.03), it is our working hypothesis that this type of LTP is mediated, mainly, presynaptically ( The basal ganglia and, specifically, the NSt, are storage locations for procedural memories, motor routines, and habits (Cools 1984; Graybiel 2008) . Thus, long-term synaptic plasticity has been studied at corticostriatal synapses, the almost exclusive focus of plasticity studies at the basal ganglia. However, possible long-term plastic changes at inhibitory synapses should not be dismissed (Adermark et al. 2009 ). They may be important because cycles of correlated activity similar to memory traces have been recorded in vivo and in vitro even in decorticated preparations (Carrillo-Reid et al. 2008 Yin et al. 2009) , and the role of inhibitory synapses in the genesis of these events appears to be important (Flores-Barrera et al. 2009 ). Thus, the main finding of the present study is that long-term synaptic plasticity is an important property of inhibitory synapses arising from MSNs connections. Long-term synaptic plasticity at inhibitory synapses (Sjostrom et al. 2008 ) has been shown in the hippocampus (Chevaleyre and Castillo 2003; Mendoza et al. 2006) , cerebellum (Kano 1995) , and NSt itself (Adermark et al. 2009 ). We used the same HFS paradigm for an initial comparative exploration of longterm synaptic plasticity at inhibitory synapses (e.g., Mendoza et al. 2006 ) originating from MSNs. The plasticity at their different targets came out to be heterogeneous. This suggests that the postsynaptic side is a main regulator on deciding the type of plasticity. In fact, LTP and LTD were observed at spiny-spiny and spiny-pallidal connections, respectively, with no consistent or significant changes in the PPR. Therefore, the most parsimonious interpretation of these results is that different postsynaptic signaling mechanisms are responsible for long-term plasticity at each of these sites, since the postsynaptic target is different. Interestingly, not all spiny to spiny connections exhibited long-term plasticity. Because we antidromically stimulate striofugal fibers passing through the GP, which include those that have presynaptic D 1 -class and presynaptic D 2 -class receptors (Guzmán et al. 2003; Salgado et al. 2005; Tecuapetla et al. 2007) , it is probable that only one class of MSN, direct or indirect, exhibits LTP, given the reported functional differences in their mutual connections (Taverna et al. 2008) . Nevertheless, and because NMDA-antagonists were used in this initial exploration to rule out plasticity propagation from corticostriatal connections, it perhaps may be expected that NMDA could become an important Plasticity at striatal inhibitory synapses www.learnmem.org element at these synapses, as is the case for their glutamatergic counterparts (Calabresi et al. 1992b ).
In addition, LTP accompanied by a significant and consistent change of PPR was found at strionigral synapses, suggesting a presynaptic mechanism (Zucker 1989; Choi and Lovinger 1997) . The interest of these findings resides in that basal ganglia main circuits are divided into ''direct'' and ''indirect'' pathways with precise hypothetical roles and tasks (DeLong and Wichmann 2007) , and, more importantly, with heterogeneous synaptic processing within and in between the neurons of these pathways (Taverna et al. 2008) . Heterogeneity of synaptic processing with the same class of cells in the presynaptic side but different postsynaptic targets has been described (e.g., Markram et al. 1998 ).
Thus, a question arises about the significance of the physiological division found in the present study. According to the classical model of the basal ganglia circuitry (Alexander et al. 1986; Albin et al. 1989) , simultaneous LTP and LTD on strionigral and striopallidal pathways, respectively, is expected to produce synergistic actions at the system level (Silkis 2001 ) during learning of motor procedures. A direct pathway enhancement would promote movement by disinhibiting thalamocortical circuits influencing premotor and motor cortices, while a reduced inhibition on external GP would lead to an increased inhibition of the subthalamic nucleus (STN), which in turn reduces the excitatory tone to the output nuclei and therefore thalamocortical inhibition. Thus, procedural learning would in theory be facilitated by these simultaneous and synergistic plastic changes. Therefore, it is perhaps not surprising to find the right type of long-term synaptic plasticity in the right synapses.
Facilitation of learned motor behaviors would correlate with synaptic weight changes at corticobasal loops during the acquisition of procedures. Moreover, these plasticities go along with known actions of both D 1 -and D 2 -class dopamine receptors on direct and indirect striatal pathway neurons, respectively (Hernández-Ló pez et al. 1997 . To our knowledge, this is the first report of longterm synaptic plasticity at inhibitory synapses in the GP and SNr. On the other hand, a previous report has shown synaptic plasticity at inhibitory synapses within the NSt (Adermark et al. 2009 ).
